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Abstract 
The Snøhvit CO2 injection into the Tubåen Formation ended in April 2011. This paper summarizes the Statoil 
experiences from the injection regarding operational aspects, monitoring and simulation of the CO2 flow in the 
reservoir. The use of down-hole pressure measurement, in combination with repeated surface seismic data, improved 
the understanding of the injection process. Detailed interpretation of fall-off pressures in combination with good and 
updated reservoir models and thorough investigations into the rock mechanical strength of the reservoir rock lead 
eventually to the abandonment of the original injection reservoir. The storage capacity of the Tubåen Formation is not 
reached, but the well and the near well reservoir could not receive the necessary volume rate. A PLT-log was run 
during abandonment confirming pressures and flow scenario and thereby the previous interpretations.  The CO2 
injection at Snøhvit continues at normal levels in a fallback reservoir. No CO2 has been or will be vented to the 
atmosphere.  
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1. The Snøhvit Field 
The Snøhvit Field is located in the Barents Sea, some 150 km north of the coast of Norway, at 71º 
north. The field was discovered in 1984, and the plan for production and development approved by the 
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authorities in 2002. Snøhvit came on stream in August 2007. The installations are all sub-sea in 290 350 
m of water depth. Currently gas is produced from 9 wells, and the unprocessed gas stream is transported 
in pipeline 150 km to the onshore Melkøya LNG plant. The hydrocarbon gas contains originally about 5-
8% CO2. The CO2 r 
pipeline and re-injected through a single well into the storage reservoir. 
The Snøhvit gas production started in August 2007 and the CO2 injection in April 2008. Until August 
2012, 1600 ktons of CO2 had been injected. The injection has occasionally halted due to operational 
challenges at the LNG plant. The injected volume in 2008 was less than planned, nevertheless the 
pressure increased rapid during autumn of 2008.  
The rapid pressure increase is interpreted to be caused by salt precipitated in the near wellbore 
formation and a reduced the injectivity. A recipe of regular Methyl Ethyl Glycol (MEG) injection every 
week was introduced, and eventually the low injectivity was overcome. The CO2 is dried at the LNG 
plant to reduce the risk of corrosion in pipelines and surface equipment. Injection of the dry CO2 dried the 
formation sandstone, increased the salinity in the remaining water and thereby caused salt precipitation.  
A major plant maintenance work over was undertaken at the LNG plant in the autumn of 2009, and the 
injection was shut in for nearly three months [??]. A decrease in reservoir pressure was observed. The 
decrease was not as rapid as predicted by the existing reservoir model. At injection start-up, the injection 
pressure raised quickly towards the pre-stop injection pressure level. Further continuous and stable 
injection at high rates (80 tons/hr.) increased the pressure further. The reservoir model was updated and 
new forecasts lead to actions, as the pressure approached the estimated rock fracture pressure. 
Preparations for a well intervention started, for the first time to connect a vessel to a subsea flowing CO2 
injector. 
In April 2011, a Light Well Intervention vessel, Island Wellserver, connected to the subsea well. 
Several wire-line runs were conducted, among them a Production Logging Tool (PLT) to establish the 
flow into each perforation and the down-hole pressure during injection. A successful operation was 
conducted without incidences of any kind. 
Additional three perforation runs were run in the upper Tubåen Formation to reduce the injection 
pressure for further Tubåen injection. Unfortunately, the upper zones of Tubåen did not contribute as 
hoped, and only a small pressure drop was achieved at the necessary injection rates for continuous and 
full injection of all CO2 extracted from the HC gas at Melkøya, i.e. ~80 tons/hr.  
The Tubåen Formation storage site was seal
at a shallower level.  
The well has since the 2011 work-over received approximately 500 ktons of CO2, and injection 
continues. One of the planned backups for the Tubåen storage site has been utilized, and Statoil is now 
working to add extra backup options into the project. 
2. The Snøhvit reservoir 
The Snøhvit Field is located in an elongated E-W trending fault block system located in the 
Hammerfest Basin in the western Barents Sea. Tectonic rifting, starting in the Early Jurassic and 
continuing through to the Early Cretaceous, led to a dominantly extensional fault system, with some 
episodes of possibly strike-slip fault reactivation. With the opening of the Atlantic margin in the Tertiary, 
the Hammerfest basin experienced several phases of uplift, with a major phase of uplift in 
Pliocene/Pleistocene [2]. The late uplift in the basin is estimated to be between 700 m and 1100 m [3] and 
hence the maximum burial depth and temperature was much greater than it is today. The present day 
stress field in the area is compressional with a mainly N-S oriented present day maximum horizontal 
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stress direction, although some considerable variations in stress field orientations in the Hammerfest basin 
have been observed. 
CO2 has been injected into the F-segment fault block, with large sealing faults to the north and south, 
see Figure 1. Smaller splay faults are also observed on seismic and form a fault ramp system 
approximately 1 km west of the injection well (F-2 H). The fault ramp relay pattern implies that smaller 
sub-seismic faults are likely to be present in this region. 
The Tubåen Formation in the Snøhvit field area comprises a deltaic to fluvial sandstone sequence, 
deposited in the early Jurassic. This delta plain depositional environment, with fluvial distributary 
channels and some marine-tidal influence, leads to highly variable sandstone facies, interbedded with 
siltstones and mudstones. 
 
 
Figure 1 Depth map of Top Fuglen Formation with well locations. Injection well marked by red circle, and relay ramp by arrow. 
Cross section is indicated by black line. Right: Geological cross-section N-S through the reservoir sections at Snøhvit. Red dots 
indicate perforation locations in Tubåen. 
Overlying this are the mud-rich deposits of the Nordmela Formation deposited in a lower coastal plain 
environment, followed by the Stø Formation sandstones (Early to Middle Jurassic), deposited in a 
shallow-marine environment. The Stø Formation is covered by the Fuglen Formation of late Middle 
Jurassic age. The dominance of distributary channel facies in the Tubåen Formation means that the 
reservoir tends to be quite compartmentalized. In addition, highly variable cementation patterns (mainly 
due to quartz cementation) and the many faults lead to a high prevalence of lateral and vertical 
permeability barriers.  
The permeability of the Tubåen Formation at the F-2H well is mainly in the 10-800mD (0.1-8 x 
10 13m2) range, but the lowermost Tubåen 1 unit shows significantly higher permeabilities, in the 1-4 
Darcy range (1-4 x 10 12m2) and occasionally as high as 12 Darcy. This is because the well intersects a 
fluvial channel at this interval; see Figure 4b. The channel seen in lowermost Tubåen in the F-2H well is 
of extraordinary good quality, as quartz diagenesis normally has reduced the rock reservoir properties in 
these rocks [4].  Sandstone porosity ranges from 7% up to 20%. However, reservoir heterogeneities mean 
the effective permeability of the Tubåen Formation units around the F-2H well are much lower than the 
core data might suggest (Table 1). 
A five layer reservoir model has been made to represent the Tubåen reservoir at Snøhvit. In the bottom 
layer, Tubåen 1, porosity and permeability are strongly controlled by seismic attribute maps, including 
also the observed 4D anomaly from the 2009 seismic dataset. The seismically based reservoir quality map 
is shown in Figure 2. 
A maximum bottom-hole injection pressure of 390 bars has been decided for the Tubåen storage site 
based on available data and extensive studies. Core data testing and extended leak-off testing has been 
used to establish the maximum injection pressure. The highest risk associated with the injection is a high 
Tubåen Fm 
Fuglen Fm 
Stø Fm 
Nordmela Fm  
Snøhvit Main Segment F-segment 
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pressure developing along one of the major faults, which could reactivate  and cause CO2 to mix with 
the sales gas. 
 
Table 1 Average reservoir properties for the perforated zones in Tubåen Formation 
Reservoir Unit Core porosity average (%) Core permeability average 
(mD) 
Approximate k.H in perforated 
interval [mD.m] 
Tubåen 3 12.32 114 2400 
Tubåen 2 7.44 362 550 
Tubåen 1 19.75 7650 40000 
 
3. The Snøhvit CO2 injector; F-2 H 
The water depth at the injection well is 318 m. The injection well was drilled from a 4 slot subsea 
template, prepared for future production wells. The injection well is drilled with a maximum 27º 
inclination and completed with a 4  
temperature gauges at the well head and down-hole. These are continuously monitored from the operation 
center onshore, and are working well more than 6 years after installation. 
The down-hole gauge is located 1782 m subsea and about 800 m above the sandface, constrained by 
operational issues during completion. This generates challenges for Fall-Off (FO) analysis, as cold CO2 
(about 4ºC) is injected and heated in the well and in the reservoir. Initial reservoir temperature was 95ºC. 
some 79m. Exceptional reservoir properties were found in lower Tubåen, and only 30 m were initially 
perforated, Tubåen 1, Tubåen 2 and lower parts of Tubåen 3. The perforation intervals are shown in 
Figure 4 and the equivalent kH product in Table 1. 
 
 
Figure 2 Acoustic impedance interpreted into reservoir quality maps, zoomed (left). Flow barriers and depositional environments 
indicated (right). The 2009 4D survey coverage is indicated by the white rectangle. 
4. The Snøhvit CO2 disposal plan 
Several alternatives for CO2 disposal were evaluated during the planning and development phase of 
Snøhvit. Injection into the saline Tubåen Formation was chosen based on the reservoir conditions and the 
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experiences from the Sleipner project in the North Sea. However, quite different from the Sleipner 
location in the North Sea, no shallow aquifer exists at Snøhvit, and the deeper Tubåen Formation was the 
chosen alternative. 
During the 30 years lifetime of the Snøhvit LNG project, approximately 12 GSm³ or 23 million tons of 
CO2 will be separated from the well-stream and deposited.  
The main CO2 reinjection strategy is to maintain continuous injection, controlled pressure development 
and injection without gas contamination. The CO2 is supercritical from the discharge of the CO2 pump. 
The injection rate is 2000 ton/day, equivalent to a volume rate between 2100 and 2750 Rm³/day. CO2 is a 
very compressible fluid and at Snøhvit reservoir conditions the reservoir volume (Rm³) of one Sm³ of 
CO2 corresponds to 0.7 Sm³ of hydrocarbon gas. 
The development studies prognosed the injection capacity from 18 years to 6 months depending on the 
actual reservoir properties and the presence of faults, and flow barriers in the reservoir. Simulations 
showed CO2 storage capacity for 7 to 12 years of injection even if the Snøhvit Tubåen Formation is 
completely sealed from its stratigraphic surroundings. If faults dividing Snøhvit Tubåen south and 
Snøhvit Tubåen north is also completely sealing, the Tubåen Formation pressure could reach fracture 
pressure within 6 months. 
The well location is shown in Figure 1. The location was expected to have good reservoir 
communication in the Tubåen Formation. 
The possible scenarios that could give injection related challenges can be separated in two categories 
of challenges. The first is the CO2 storage capacity challenge related to the available pore volume for CO2 
storage. This is controlled by the size of the reservoir and the porosity of the reservoir rock. The second 
category is injectivity challenges, as the ability to push the CO2 through the matrix in the storage volume 
is controlled by transmissibility, connectivity, real and relative permeability and positive negative skin 
factors.  
The CO2 injection development was initially planned with three types of backup solutions, further 
zones could be perforated, new reservoirs could be perforated and new structures could be drilled.  
5. Tubåen simulation models 
To assist analyzing the operational data from Tubåen formation, such as bottom-hole pressure data and 
4D seismic, it was decided to prepare a detailed geological model of the Tubåen formation. A 
compositional simulation model was developed based on the new geological model to analyze the well 
and reservoir pressure response as well as 4D seismic observations. To history match the new simulation 
model three different classes of parameters were considered; communication across major and minor 
faults, static property scaling, and extra flow barriers. 
 
Degree of communication across faults is always a source of uncertainty in dynamic simulations. In 
some situations, seismic observation indicating pressure communication across faults can be used as 
match parameter. Otherwise an overall value for lack of communication can be tested in the simulation 
model against available pressure measurements. Various modifications on fault communication were 
tested in the simulation model to match the F-2H bottom-hole pressure as well as the 4D seismic 
observation for different Tubåen layers. 
 
Static properties away from the well are uncertain and can be scaled within a reasonable range 
reflecting geological uncertainty to condition the geological model to observed dynamic data. In the 
developed geological model of Tubåen formation, heterogeneity was modeled using seismic data. Static 
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properties near the well were modeled using log and core data while these properties were scaled away 
from the well to match to the observed data.
In addition to the faults clearly visible from baseline data, some possible barriers in the vicinity of the
injector came into focus after studying post injection 4D seismic. The flow barriers depict the simulated 
bottom-hole pressure versus measured data for the best match scenario that includes the modification 
mentioned above. The mismatch seen in 2008, between measured bottom-hole pressures (points) and 
solid line (model) is due to near well-bore salt precipitation and reduced injectivity in the well. This was
eventually solved by MEG injection. The match to seismic data is also acceptable for most layers.
The dynamic model match indicates; lower than expected permeability for all Tubåen layers, lack of 
vertical communication in Tubåen, no communication across major faults, and possible extra barriers near
the well. Consequently, dynamic simulation results are in general agreement with other observations
indicating that F-2H is injecting inside a compartment with acceptable reservoir properties but with
reduced communication to the rest of the reservoir system. However, other geological models and
concepts may also match the pressure time series, Figure 3.
1E-4
Time [hr]
1000
F-2H - Model matched to PLT data (ref)
F-2H - Model matched to FO 2009
Figure 3 Best match between measured bottom-hole (crosses) and modeled pressure. Timing of the acquired seismic 4D surveys are 
indicated, as well as the estimated reservoir formation fracture pressure. b) Log-log plot of (2011 PLT and 2009 FO) gas pseudo
pressure with corresponding derivative. Models shown as solid line, measured data as points.
6. Fall-off analysis
Injection tests and fall-off (FO) analysis are good tools to investigate reservoir properties, both near the
wellbore and at larger scale. On a regular basis, the well has been shut in for only a few minutes, to
estimate the reservoir pressure and evaluate potential skin development. These tests have been made short
to neglect temperature effects and are used to establish the reservoir pressure based on the installed
gauges in the well. The estimated reservoir pressures are shown in Figure 3, and were subsequently 
confirmed by pressures measured by the PLT in 2011 within a few bars. The start of the new LNG plant
at Melkøya had initial production challenges, and some caused shut-down of the full production facility, 
including the CO2 injection. In particular, the 3 months shut-down in 2009 has been interesting and will
be discussed in detail. In April 2011 a PLT was run in the injector well, including a FO with for the first
time a pressure gauge at the perforations during the FO.
Figure 3b shows the log-log pressure series from the FO in 2009 (down-hole pressure gauge) and
during the PLT (sand face pressure gauge) in 2011. The shallow location of the down-hole pressure gauge 
4D
Fracture pressure
4D 4D
PLT 2011 Fall-off Aug 2009 Fall-off 
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(800 m above the reservoir), changing fluid properties of CO2 with changing pressure and temperature, 
affect the pressure measured by the permanent pressure gauge. First after about 100 hours, stable 
conditions are obtained and reservoir behavior can be recognized. 
Interpreting the PLT falloff using CO2 gas properties, standard vertical well model with two parallel 
barriers gives a perfect match of the measured data, Figure 3b. We have assumed that the major reservoir 
response is from the bottom perforation with the good reservoir properties.  
A flow barrier about 3000m from the well must be added, in order to match the permanent gauge 
pressure history and falloffs. The active and connected reservoir to the well then becomes an open ended 
rectangle with no flow boundaries at 110m, 3000m and 110m distance from the well. 
The flow barriers can be either structural barriers as faults, or it can be changing reservoir properties 
within a continuous reservoir. In our model the barriers are assumed to be sealing. The interpretation of a 
fault 3 km from the injector corresponds well with the structural segment faults of the F-segment. 
This is very much in consistency with the seismic 4D anomaly. 
7. Influx interpretation from PLT 
A Production Logging Tool (PLT) was run during the intervention in 2011. The PLT had two main 
objectives; to verify the estimated bottom-hole FO pressure and to define the injection flow profile. 
The PLT-log result is shown in Figure 4.Perforated intervals are indicated, as well as the influx profile. 
The PLT injection measurements showed that about 81% of the injectivity was in the lowermost zone, 9% 
in the middle perforation and 10% in the uppermost perforation. This is in good agreement with the 
permeability profile in the well, Figure 4. The results are a permeability of 2500 mD, skin of 63 (6 bars) 
and near well flow barriers 100 meters away from the well.  
The pre intervention estimated flowing bottom-hole pressure was within 2 bars of the pressure 
measured by the PLT, and the estimation technique based on the combination of the down-hole gauge and 
the surface gauge was found very satisfactory. The shallow location of the pressure gauge does not really 
influence our ability to predict the near wellbore reservoir pressure. 
However, as shown in Figure 3, it has a major impact on the transient analysis of any FO, and normal 
transient fall-off analysis cannot be utilized for reservoir property estimation due to the temperature 
transient in the CO2. 
8. 4D Seismic for CO2 monitoring 
In order to better understand CO2 distribution and pressure development in the reservoir multiple 4D 
seismic surveys are acquired in 2003; (base 4D survey), 2009, 2011 and 2012. The 4D seismic in 
September 2009 and September 2011 were acquired after injection of 500 ktons and 1000 ktons CO2, 
respectively. The 4D data have been important for understanding the behavior of the reservoir and have 
shown that the reservoir is much more heterogeneous than originally expected. The 4D data are therefore 
used to guide the geological reservoir model [4]. In the offshore setting of Snøhvit, the 4D seismic 
acquisition is a cost effective reservoir monitoring tool, with similar detail as a PLT. The vertical 
stratification and distribution of CO2 interpreted from the 2009 seismic data was confirmed by the PLT in 
April 2011. Clear 4D seismic amplitude changes and 4D time shifts are observed, see Figure 4. The CO2 
saturation and pore-pressure increase is the main contributor to the observed 4D seismic response. In 
addition, the cooling effect of the rock contributes to the near wellbore 4D seismic response.  Figure 4 
shows the 4D difference amplitude maps for the upper perforation zone (right) and lower perforation zone 
(left). A seismic section along the maximum anomaly is displayed in Figure 5. Left section shows 2009 
data and the middle section the observed change from 2003 to 2009.  For the 2003-2009 4D data we can 
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clearly observe that the 4D anomaly for the lower perforation zone is extending much further out than the
upper perforations than from the upper.  This was confirmed by the inflow profile measured by the PLT
logging, see Figure 4. Most of the 4D anomaly in the 2003-2009 data away from the CO2 injector is
likely to be related to the pressure increase and reflects the heterogeneous reservoir. The 4D seismic
differences also show that the main faults at Snøhvit, bounding the F-segment to the north and south, are 
sealing at the current pressure levels.
Figure 4 4D difference amplitude map for the lower perforation and the upper perforation for 2003-2009 and 2009-2011.b) Down-
hole log interpreted log curves from the F-2 H well. Red rectangles indicate perforated intervals. CO2 injection influx profile as
estimated from the PLT during injection.
Figure 5 Approximately N-S seismic sections along the maximum 4D anomaly in the repeated seismic data. 2009 seismic (left), 4D
difference 2003-2009 and 2009-2011 (right). Perforation zones are marked in the left pane, where the green rectangle is the new 
perforation from April 2011.
The pressure time series, Figure 3, shows the bottom-hole shut-in-pressure and the equivalent
simulated reservoir pressure. It is estimated that the high pressure in April 2011 has been reduced to about
the same level as when the 2009 4D seismic data were shot. This may explain the small changes observed
in the seismic data between the 2009-2011 data. A new perforation was open in Tubåen 4 in April 2011
(green rectangle, in Figure 5 left pane), before Tubåen was plugged and injection continued in the Stø 
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Formation. The 4D response in Tubåen 4 in the 2011 seismic repeat is caused by a continuous cross-flow 
from lower Tubåen into Tubåen 4 during the 6 months without injection. 
9. Storage capacity and long term perspective 
The Tubåen Formation at Snøhvit is large  and 
the injection point. However, the connectivity to these volumes, through faults with varying throws  and 
with the connective flow path through the individual fluvial channel interconnections - is hard to predict. 
Only long lasting injection tests can tell the connectedness. As the Snøhvit Tubåen F-segment story tells, 
well solutions with relatively high injection rate are challenging in such reservoirs.  
storage capacity for between 8 and 15 Mtons of CO2, at an average pressure increase of 50 bars. 
The pressure in Tubåen of the F-segment of Snøhvit increased faster than hoped, though within the 
estimated uncertainty span. A backup solution was prepared and has been implemented. The backup is 
currently working perfectly.  
10. Conclusion  
The storage capacity of Tubåen Formation at the Snøhvit site is still a matter of debate  and 
dependent on well design solutions and cost. Other well designs or multiple wells would be needed to 
achieve the design capacity of 0.7 Mtons/year throughout the life of Snøhvit. It remains a challenge to 
access a sufficient large volume of the pore volume, particularly in such a high-cost offshore, sub-sea 
setting.  
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